A study was made on the effect of temperature on the electrodeposition of hard chromium on 1045 steel within a range of 30° to 60°C., as shown by variations in reaction yield, surface hardness, and depositional grain size. Increase in temperature produced a decrease in faradic yield of the reaction of between 17% and 9%, an increase in hardness from 550 to 700 Brinelli, and a decrease in deposited chromium grain size from 278 to 32.4 µm. The most notable effect of temperature difference was observed between 30° and 40°C. Chrono-potentiometric and potentiodinamic linear sweep were measured at 30ºC, 40ºC and 50 ºC in an attempt to explain this behavior. The results obtained suggested the formation of a compact film typical of a nucleation process in chromium electrodeposition. An increase in temperature affects the formation of this film, decreasing its thickness and distributing it in a more homogeneous manner over the steel, as shown by a decrease in the grain size of the chrome deposited.
INTRODUCTION
The technology for plating metal components with hard chromium is important in industrial practice, including pieces such as valves, pistons, piston rings, hydraulic components and many other parts which are subjected to high degrees of wear or to a highly corrosive working environment. Chromeplated surfaces show good resistance to corrosion, low frictional coefficients, increased hardness, and good esthetic appearance [1] [2] [3] . Components of electroplating baths such as chromic acid are serious environmental pollutants and are dangerous to human health, based on their carcinogenic properties. This risk is related mainly to the high working temperatures of the process (∼60°C) which markedly increase the formation of acid mist in the working environment .
There have been few studies on the mechanism of the electrodeposition of chrome on different substrates, and there is no agreement on how the transformation of Cr +6 to Cr 0 occurs, although there is agreement that the sulfate ion plays a fundamental role, interacting with a colloidal film facilitating the electrodeposition of the chromium. The composition of this film is not completely clear, nevertheless XPS measurements show the presence of Cr 2 O 3 , CrO 2 and SO 4 2-4, 5 . The present study represents experimentation designed to evaluate specific effects on the chrome-electroplating of 1045 steel when lowering the working temperature of the process, in an effort to reduce environmental hazards of the process while at the same time obtaining acceptable results. Using electrochemical measurements, a concurrent attempt was made to evaluate the effect of temperature on the formation of the cathodic film which accompanies the electrodeposition of the chromium.
EXPERIMENTAL
The electroplating cell for chromium deposition was a rectangular glass tank with a styrofoam top, through which were inserted the cathode (working electrode) made of 1045 steel, and four lead electrodes, in a surface area ratio of 1 a 4
The current and potential were controlled by a power supply, the main characteristic of which was a 98% transformation of alternating to direct current, and a maximum current output of 10 Amperes. Acquisition of currentpotential data was carried out using a computer controlled interface. Both the thermostat and the working cell were maintained in a fume hood in order to protect the laboratory and investigators from noxious gases emitted in the process.
The aqueous working solutions used included 250 g/L CrO 3 p.a Merck, and 2.5 g/L concentrated H 2 SO 4 p.a. 6, 7 . Surface hardness measurements were made on chrome-plated 1045 steel using a model HLN-11A hardness tester. A JEOL model JSM 6360 LV scanning electron microscope (SEM) was used for observation of the chrome-plated steel surfaces. The current density employed in this study was 1A in.
-2 , as typically used in the hard-chrome plating industry 6 . Experimental electroplating was carried out at different temperatures ranging from 30°C to 60°C. with an average time period of 23 h per test.
A conventional three-electrode cell was used in the electrochemical experiments. Chronopotentiometric and potentiometric linear swep measurements were carried out using Voltalab 40 equipment. The working electrodes consisted of 1045 steel discs with an exposed area of 1 cm 2 . The test surfaces were mirror finished using emery papers and aluminum oxide powder paste. A platinum sheet was used as a counter-electrode. A saturated calomel electrode (SCE) was used as a reference electrode. A working solution was CrO 3 1M ( Aldrich Chem. Co) and 0.01 M H 2 SO 4 ( Merck p.a).
RESULTS AND DISCUSSION
Effect of temperature on the morphological characteristics Table 1 shows the effect of increasing the temperature of the plating process and the mass and thickness of the chromium deposited over a given time. The calculation of theoretical mass, equation (1) , and the mass deposited in the electrolysis, allows obtaining the faradic yield of the chromium electrodeposition reaction. The theoretical mass was determined assuming that the total electrical charge was used for reducing the Cr +6 to Cr 0 . The percentage of faradic yield was obtained using equation (2). (2) The SEM results (Photos E, F G and H, at 80x), show a decrease in deposited grain size of the chromium with increase in temperature, at the same time showing a more uniform and compact distribution of the grains, observed as surface rugosity . The most abrupt change in these effects was observed in the passage from 30 ºC to 40 ºC. From 50 ºC to 60 ºC, the distribution and grain size was very similar. 1 shows that with an increase in temperature there is a decrease in the percentage faradic yield of the electrolytic reaction. Although not shown here, the decrease in faradic yield of the electrolytic reaction is accompanied by an increase in the release of hydrogen from the cathode. This behavior can be attributed to three factors: a) the speed of formation of H 2 increases more rapidly than the electrodeposition of chromium with increase in temperature, and at the same time the cathodic efficiency decreases 8 ; b) The increase of the dissolution rate of the cathodic film with increase of the temperature and c) the decrease of over-potential hydrogen with the increase of the temperature produce an increase the H 2 release , reducing the thickness of the film cathodic Fig. 3 and Fig. 4 .
Following photograph showed the 1045 steel test samples chrome plated at different temperatures and at a constant current density of 1 [A in -2 ] .
Photos A, B, C and D, bars of 1045 steel chrome-plated at 30 ºC, 40 ºC, 50 ºC and 60 ºC respectively at a current density of de 1 A in -2
These photos show, at the macroscopic level, that at 30 ºC (A) the chromium deposited is irregular and opaque; at increasing temperatures including, 40 ºC (B), 50 ºC (C) and 60 ºC (D) the deposit becomes more homogeneous and bright. This observation shows the importance of temperature in the quality and uniformity of the chrome plating, which is confirmed by scanning electron microscope (SEM) study. The hardness of the Chrome-plated surface (normalized to 0.01 in thickness) increases gradually with temperature ( Fig. 2) , which is supported by the SEM results. This behavior is explained by the progressive decrease in grain size of the chromium with increase in temperature, which produces greater homogeneity and compactness of the deposited grains. . The trichromate ion is necessary by protection the Cr +3 ions, preventing the formation of a stable aquo complex. It is observed that the increase in temperature (30 ºC to 50 ºC ) has the effect of reducing the peak formed by zones (A) and (B) and increasing the current in zone (C). This effect is quantified in Table 3 which shows the maximum potential (E P ) and the coulomb charge consumed at the different temperatures. There is a decrease in the charge involved in the formation of the cathodic film with increase in temperature. To better understand the effect of temperature on the formation of the cathodic film, chrono-potentiometric measurements were carried out by applying a cathodic current of 300 mA cm -2 for 0.5 s as shown in This curve show that the potential was stabilized at -1.1 V and later dropped abruptly to reach the potential for the emission of hydrogen; -1.35 V at 40 ºC and 50 ºC, -1.48 V at 30 ºC. This behavior is typical of a nucleation process associated with the formation of a compact film 8 . It is observed that when increasing the temperature from 30 ºC to 50 ºC the area under the curve decreases, which may be due to a decrease in the formation of this film. To quantify this effect a determination was made on the thickness of the nucleation layer, based on electric charge consumed by the electrochemical process following equation (3) . The fact that the thickness of the cathodic film decreases with the increase in temperature can be attributed to a decrease in the viscosity of the cathodic film which promotes a more uniform distribution as well as a greater speed of dissolution. The chronopotentiometric measurements are in agreement with those presented by Okada and Yamamoto 12 , where the increase in the overpotential of hydrogen (Fig.3) is due to the increase in the thickness of the nucleation film, Table 4 .
CONCLUSIONS
The present study of the effect of temperature on the electrodeposition of chromium on 1045 steel showed that the hardness increases while the grain size of the chromium deposited decreased with increase in temperature. Between 50 ºC and 60 ºC the results showed barely perceptible differences. This finding allows us to conclude that this electrochemical process could be carried out at 50°C without any important alterations in the resultant product, thus reducing the formation of acid mist typical at the higher temperature, with concomitant environmental benefits. Based on chronopotentiometric and potentiodinamic linear sweep measurements it is possible to establish that a potential of -1.1 V would begin the nucleation process with the formation of an electrochemically active film which would influence both the grain size and the yield of the electrodeposition reaction of chrome in relation to the temperature. Increase in temperature provokes a decrease in the over-potential of hydrogen, favoring its release.
